Abstract: In this paper, recent Eigenstructure Assignment (EA) algorithms are implemented to provide dynamic control of a Lynx helicopter in the hover, using the ideal eigenstructure derived by Clarke et al. [2003b] . First, a state-feedback controller is presented to demonstrate that the target eigenstructure is consistent with the kinematics of a helicopter, and that the closed-loop system meets the UK Ministry of Defence Defence Standard 00-970 requirements for Level 1 handling qualities. The EA algorithm for semi-proper systems presented by Pomfret et al. [2005] is then employed to demonstrate its efficacy and to allow comparison with the state-feedback case. Finally, the gain suppression methods from Pomfret and Clarke [2005] are used to introduce structure to a controller without affecting its performance.
INTRODUCTION
Despite much recent work into nonlinear control design methodologies, these have not enjoyed widespread adoption in many areas of industry. Indeed the design of helicopter flight control systems often still relies on iterating single-input, single-output 'loop-at-a-time' linear control design techniques [Pomfret, 2006] . There remains, therefore, a clear need for the development of linear techniques which can provide an efficient replacement for such practices without requiring a radical change in the way in which the control problem is addressed.
Eigenstructure assignment is ideally suited to helicopter flight control because the handling qualities requirements of the UK UK Ministry of Defence Defence Standard 00-970 (Def.Stan.00-970) [Pitkin, 1989] , and to a lesser extent the US ADS 33, are readily converted into restrictions on pole locations and modal coupling [Clarke et al., 2003b] . Additionally, recent algorithmic developments [Griffin, 1997 , Clarke et al., 2003a have resulted in improved 'visibility' during the EA process, leading to a more intuitive connection between the various design parameters and the performance of the closed-loop system; such visibility is an essential part of any algorithm designed to replace 'loop-at-a-time' techniques.
The aim of this paper is to demonstrate, by means of design examples, the power and practicality of the ideal eigenstructure and EA algorithms mentioned above. Firstly, the state-feedback results of Griffin [1997] are replicated for a Lynx helicopter in the hover. However, state feedback is not a practical proposition for the control of rotorcraft, because velocity information is very difficult to measure directly to a suitable degree of accuracy, especially at low speed. Instead, accelerometers are often ⋆ This work was supported in part by AgustaWestland. employed as part of an Inertial Measurement Unit (IMU). These provide information about linear movements in the body frame, but effectively measure not states but state derivatives.
It is therefore demonstrated next that state-feedback performance is achievable using a controller which does not have access directly to state information, but instead has access to a combination of states and state derivatives. This information takes the form of two sensed body accelerations and an earth-relative vertical velocity signal from a radar altimeter, and the methods developed by are employed to assign the desired eigenstructure.
Finally, a controller is synthesised that has access to all three IMU accelerometer signals and the earth-relative vertical velocity signal. This controller has more available Degrees of Freedom (DoF) than are required for complete eigenvalue and right-eigenvector assignment, and this extra design freedom is exploited by using the methods presented by to introduce structure to the controller. Once again it will be shown that the performance of the structured controller is identical to that of the original state-feedback example.
It should be noted that although EA gives no explicit robustness guarantees, several methods exist for trading off the desired eigenstructure for robustness improvements prior to assignment exist [e.g. Davies, 2000, Griffin, 1997] The target eigenstructure is that presented by Clarke et al. [2003b] , and the reader is referred there for more details of its derivation. The eigenvalues assigned to the system are listed in Table 1 , with the subscripts on the eigenvalue names indicating the states which their associated modes should predominantly be coupled. The desired eigenvectors (rounded to 2dp. for compactness) are given in Box 1. The gain matrix, generated using standard state-feedback EA techniques [see Moore, 1976] , is: Finally, Figure 3 shows the yaw rate response (r) to the application of a one-second pulse applied to the tail rotor pitch, and the heave velocity response (w) to a step in the main rotor collective pitch.
A PSEUDO-STATE FEEDBACK EQUIVALENT
The states available in the original model [Griffin, 1997] are the longitudinal, lateral and vertical velocities u, v and w; the roll, pitch and yaw angular rates p, q and r; and the pitch and roll angles φ and θ. Direct measurement of velocities to a sufficient degree of accuracy is not practical though, and as a consequence either output-feedback techniques (which display inferior performance due to reduced DoF), or state reconstruction using observer-based techniques (which reduces design visibility and inevitably increases the system complexity) are traditionally required.
The alternative 'pseudo-state feedback' technique of Pomfret et al. [2005] instead uses measurements of state derivatives, in this case accelerations, to re-formulate the system into a semi-proper one (ie. one with a nonzero direct transmission matrix) with as many outputs as states. This allows assignment of a complete set of right-eigenvectors from the same allowable subspaces as in the state feedback case, and hence retains the performance of the state feedback controller without reducing visibility or adding complexity.
For his output-feedback control law examples, Griffin assumed that the velocity states were unmeasurable, but that vertical speed in the inertial frame (ḣ) could be measured. He also showed thatḣ was equivalent in the hover toḣ
Although there is no need to do so, for the purposes of demonstrating the flexibility of the pseudo-state feedback technique it will be assumed thatḣ is measured as above, and also that the longitudinal and lateral accelerationsu andv are measured.
Sinceu andv are state derivatives, it is necessary to reform the output matrix and the direct transmission matrix such that if y = ḣuv p q r φ θ 
where a i,j and b i,j are the corresponding elements of the system matrix A and input matrix B, respectively.
The gain matrix, produced using the techniques from and the same desired eigenstructure as the state-feedback case above, is The achieved eigenvector set is shown below, and can be seen to be identical to that obtained using the statefeedback approach above. 
The power of the pseudo-state feedback technique is clearly demonstrated. It may be seen that the performance of the state-feedback controller is retained by a controller which is practicable and uses only measurable quantities.
A STRUCTURED CONTROLLER
If a controller is synthesised using an output vector that consists of all three body accelerations in addition to a radar altimeter signal, the resulting gain matrix will possess more DoF than are required for complete pole assignment and the assignment of the full set of right eigenvectors.
Such a controller is easily generated using the same algorithmic approach as used above. The general formula for the gain matrix is
where the matrix V is the set of achieved right eigenvectors, the matrices S and N are generated as part of the assignment process, and Y is a matrix of free parameters.
The minimum Frobenius norm controller, generated by setting Y = 0, is: Using the gain suppression techniques of , it is theoretically possible now to reduce up to four of the gain matrix entries above to zero, without affecting the assigned eigenstructure. For the purposes of illustration, three of the four gains linking the radar altimeter to the inputs will be suppressed, leaving only the link between the altimeter and the collective pitch input. This involves finding a gain matrix K subject to the constraint that U vec K = 0 where the vec operator converts a matrix into a vector by stacking its columns. The permutation matrix U has exactly one nonzero element per row, the location of which corresponds to an entry in the gain vector that is to be suppressed. In this case then, U can be formulated as It can clearly be seen that the only coupling from the radar altimeter output (the first column of the gain matrix) is to the collective pitch input. There is still one further degree of freedom remaining after this assignment, so one more gain matrix entry could be suppressed if required.
The set of achieved eigenvectors is once more identical to that of the state-feedback controller, and the performance is consequently also the same. In order to avoid excessive repetition, evidence of this is presented only in the form of Figure 7 , which may be compared with Figures 1 and 4 .
CONCLUSIONS
It has been seen that the algorithm presented by provides a suitable mechanism for the design of controllers for helicopters. In particular, by feeding back state derivatives via accelerometers, a helicopter has been controlled in the hover using pseudo-state feedback techniques; without this acceleration feedback, Griffin [1997] Lateral response with level 1 spec. (Attentive)
Time ( A further pseudo-state feedback design, having more DoF than are required for complete pole placement, has been subjected to the structural imposition techniques of Pomfret and Clarke [2005] . These techniques have been found to perform well.
